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INTRODUCTION

The Materials Research Center (MRC) at Northwestern University was
founded in 1960, under the auspices of the Advanced Research Projects
Agency (ARPA) of the Department of Defense, for the purpose of conducting
an expanded and coordinated interdisciplinary program of basic research
and graduate education in the materials science area. The MRC is an
association of professors, their graduate students and postdoctoral
research 1ssociates interested in various facets of materials science.

During the 12-month period covered by this Report, there were 43
professors, 22 postdoctoral research associates and 176 graduate students
associated with the MRC, mainly [rom six academic departments within two
major colleges of the University. In addition, various other professors
and graduate students from the Medical and Dental Schools and the
Departments of Biology and Geology made use of the major research equip-
ment and services which are provided by the seventeen Central Facility
Laboratories operated by the MRC.

The Scientific Advisory Committee composed of
D. H. Whitmore, Director of MRC and Professor of Materials Science
J. Dundurs, Professor of Civil Engineering
M. Epstein, Associate Professor of Llectrical Engineering
A. W. Ewald, Professor of Physics
J. E. Hilliard, Professor of Materials Science
F. E. Stafford, Associate Professor of Chemistry

is the working faculty committee ot the MRC which makes decisions regarding
funding of individual research projects, determines future directions for

its scientific and technological activities and establishes the day-to-day
operating policies of the MRC. The MRC Director is responsible to the
Administrative Committee comprised of all interested Departmental Chairmen,
the Deans of the College of Arts and Sciences and the Technological Institute
and chaired by the Pruvost of the University. This latter committee is
concerned mainly with establishing broad-range policies for the Center.

All faculty participants in the MRC receive some direct support of their
research programs with funds derived from the ARPA Contract. Other funding
agencies provide financial support for some of the research reported on
here; sources of support other than ARPA are indicated, where applicable,
on the individual project reports. ELven in these latter cases, ARPA support
plays a significant role in providing the MRC central facilities and/or
space essential to the achievement of the research objectives of the project.

This Annual Report is a condensed account of the total materials
research activities of all members of the Materials Research Center at

-1 -



Northwestern. Presented herein are brief descriptions of the various
individual research programs active during the 1969/70 year, arranged
alphabetically by the name of the principal investigator. Also included
are lists of publications and invited talks stemming from the research and
the names of research associates and graduate students affiliated with
each project.



DOCTOR OF PULLOSOPIY DEGREES AWARDED IN ‘11IE FLELD OF MATERIALS

JUNL COMMINCEMENT 1970

Teruaki Acki. Materials Science. "Anomalous ‘lransport Properties of
p’ -Phase 3rd-Transitional-Metal Alloys™. AP, ARPA.

Mahendra S. Bapna. Materials Scicnce. "Plastic Deformation of Quench-
Hardened Gold"™. AEC, ARPA.

Melvin Budzol. Chemistry. "The Radiation Chemistry of Polyethylene
and Polypropylene Oxide". AEC, ARPA.

Dipankar Chandra. Materials Science. "Spinodal Decomposition in Fe-Cr
Using Mossbauer Spectroscopy'. AISI, Inlaud Steel, ARPA.

Bernard A. Coyle. Chemistry. "The Structures of Three Inorganic
Complexcs". TA, NDEA, NSF.
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Paul D. Hambourger. Physics. '"Size-Dependent Oscillatory Magneto-
resistance in Cadmium". NUF, ARPA.
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at Low Temperatures'. TA, ARPA.
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Arsenic". NSF, NI, TA.

Michael G. Kovac. Electrical Engineering. "Enhanced X-ray Photoelectric
Emission from Metal-Insulator Layers". NIH, AEC.

Lawrence L. Mack. Chemistry. "Molecular Beams of Macroions". TA, NIH, ARPA.
Donald A. Miller. Electrical Engineering. "Dielectric and Dilatation Studies

on Single Crystal Phenantlirene in the Temperature Range of 24 to 82°C",
TA, ARPA.



N, Nagasubrasanian. Chemical Engineering. "Effect of Residence Time
Distribution {n Branched Polymer Formation". Phillips Petroleum,
Monsante Company, NSF, ACS, ARPA.

John A, Oberteuffer. Physics. "The Chemical and Magnetic Structure of
Single Crystal Alpha Manganese". ARPA.

V. R. Parameswaran. Materials Science. "Dislocation Mobility in Lead
and lead-Indium Alloy Single Crystals™. ARPA.

Jolm W. Rau, I1II. CElectrical Engineering. "Some Optical and Galvano-
magnetic Properties of GeAs and CeAsg". ARPA.
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CINCl- and BriiBr-". TA, ARPA.

James L. Sickles. Materials Science. "Threshold and Production of
Length Change Introduced into Pure and Doped MgO Irradiation Below
90°K". NDEA, ALC.

Judith K. Stalick. Chemistry. "Some Structures of Five-Coordinate
Transition Metal Complexes”. NSF, TA.

Jacob J. Stiglich, Jr. Materifals Science. "Interdiffusion and Defect
Structure in NiO + CoO Solid Solutions". AF.

Basil 1. Swanson. Chemistry. "Structures, Molecular Vibrations, and
Bonding in Boron Trihalide Adducts of Acetonitrile™. TA, NSF, NDEA.

Pugan Turhan. Civil Engineering. "A Dynamic Theory of Directionally
Reinforced Composites™. ARPA, IIE.

Akfo Urakami. Materials Science. "Effect of Li Additions on Mechanical
Properties of Mg Base Single Crystals in Basal and Prismatic Slip".
WPM, ARPA.

William C. Uy. Chemical Engineering. 'Viscosity and Normal Stresses in
Linear Polyvinyl Acetate Systems". WPM, ARPA, NSF, ACS.

Leonurd €. Voelker. Civil Engineering. "Transient Stress Response of a
laminated Composite to a Transverse Loading". NASA, AF.

Ernst D. Von Meerwall. Physics. "Nuclear Magnetic Resonance and Magnetic
Susceptibility Study of the Vanadium-Manganese Alloy System™. ARPA.

Duonald E. Weber. Physics. "Electron Microscopic Study of Heavy Ion
Irradiation Damage of Thin Gold Film". TA, AEC.

Research supported by agencies as indicated:
ACS, American Chemical Society

AEC, Atomic Energy Commission
AF, Air Porce Office of Scientific Research



AISI, American Iron and Steel Institute

ARPA, Advanced Research Projects Agency

I1E, International Institute for Education

NASA, National Aeronautics and Space Administration

NDEA, National Defense Education Act

NIN, Natiovnal Lnstitutes of licalth

NSF, National Science Foundation

NUF, Northwestern University Fellowship

Inland Steel, Inland Steel Company Fellowship

Monsanto, Monsanto Company Fellowship

Phillips Petroleum, Phillips Petroleum Company Fellowship
TA, Northiwestern University Teaching Assistantship

WPM, Walter P. Murphy Fellowship, Northwestern University



APPLICATION OF CONTINUUM THEORIES TO DESCRIBE INHOMOGENEOUS AND ANELASTIC
BEHAVIOR OF MATERIALS

J. D. Achenbach
Professor, Department of Civil Engineering

J. C. S. Yang
Postdoctoral Research Associate

V. Varatharajulu
Ph.D. Thesis Research

Objective

To evolve suitable continuum theories to describe phenomenologically
the dynamic gross properties of inhomogeneous materials. Particular
attention is devoted to the influence of thermal and viscoelastic effects,
nonlinear material behavior and large deformations. Inhomogeneous
materials such as directionally reinforced composites are used more
frequently in a variety of systems, particularly in aercspace and deep-
submergence technology. This study will supply information on the
bd\n:vior of directionally reinforced composites under dynamic loading
conditions.

Approach

The fundamental balance laws of mechanics and the theory of
thermodynamics of simple materials, in conjunction with a smoothing
principle, are used to develop a continuum theory which describes on
& phenomenological level the dynamic behavior of directionally reinforced
composites.

Progress

Studies were completed on the thermodynamics of a continuum with
microstructure and on the interaction of electromagnetic fields with
deformable bodies. A theory was developed to describe the dynamic
behavior of a viscoelastic laminated composite, including the effects
of temperature variations. A nonlinear theory was derived to describe
the mechanical behavior of a laminated camposite consisting of alternating
layers of two hamogeneous materials subjected to large deformations.

PUBLICATIONS

"Relativistic Continuum Theory for the Interaction of Electromagnetic
Fields with Deformable Bodies,” R. A. Grot, J. Mathematical Physics,
11, 109 (1970).



"Large Deformations of a laminated Composite,” R. A. Grot and J. D.
Achenbach, Int. J. Solids and Structures, 6, 641 (1970).

INVITED TALXS

"The Dynamic Behavior of Directionally Reinforced Composites,” Science
Center/Aerospace and Science Group, North American Rockwell
Corporation, Thousand Oaks, California, November 1969.

"waves and Vibrations in Reinforced Camposites,” Michigan Techno-
logical University, Houghton, Michigan, December 1969.



DYNAMICS OF VISCOELASTIC AND REINFORCED SOLIDS

J. D. Achenbach
Professor, Department of Civil Engineering

Y. S. Lai
Ph.D. Thesis Research

This research is supported by the Office of Naval Research.

Objective

Current research is concerned with waves and vibrations in plates
&nd cylinders fabricated of laminated media. The objective is to
establish those conditions for which dynamic effects arising from the
internal structuring of the solid, i.e., the lamination, predominate
effects due to the overall geometrical configuration of the body.

Approach

A continuum model is employed to describe the mechanical behavior
of the laminated camposite. In deriving the governing equations for
the continuum model, approximate displacement expressions for the
discrete elements are used to compute potential and kinetic energies
for a volume element of the laminated camposite. By means of a smoothing
operation, energy densities for the camposite are derived. Applications
of Hamilton's principle, where certain subsidiary conditions enter
through the use of Lagrangian multipliers, yields displacement equations
of motion, constitutive equations and boundary conditions.

Progress

Various versions of a new theory for laminated media, the effective
stiffness theory, were investigated. For certain simple cases results
were compared with exact solutions. It was found that the effective
stiffness theory describes in a satisfactory manner the dynamic behavior
of laminated media.

PUBLICATIONS
"Field Equations Governing the Mechanical Behavior of Layered Circular

Cylinders," F. H. Chou and J. D. Achenbach, AIAA Journal, 8, 1444
(1970).



"Crack Propagation Generated by a Horizontally Polarized Shear Wave,"
J. D. Achenbach, J. Mech. Phys. Solids, 18, 245 (1970).

"Wave Propagation in Laminated and Fiber-Reinforced Composites,” in
Mechanics of Composite Materials, Pergamon Press, p. 237 (1970).

"Propagation of Second-Order Thermomechanical Disturbances in Visco-
elastic Solids," Proc. IUTAM Symposium East Kilbride (ed. B. A.

Boley), Springer-Verlag, p. 1 (1970).

INVITED ALK

"Fracture Generated by Transient Waves," University of Notre Dame,
Notre Dame, Indiana, May 1970.



TRANSIENT WAVE PROPAGATION IN FIBER REINFORCED COMPOSITES

J. D. Achenbach
Professor, Department of Civil Engineering

S. J. Fang
Ph.D. Thesis Research

This research is sponsored by the Air Force Materials Laboratory,
Air Force Systems Command, Wright-Patterson Air Force Base, Ohio.

Objective

The propagation of transient stress waves in composites is
investigated both analytically and experimentally. Particular attention
is devoted to local dynamic effects and short-time phenomena. The
causes of delamination at the interfaces are investigated for dynamic
loading conditions.

Approach

For loads of short duration and for short times the reflection and
transmission are traced through the discrete elements of the composite.
For longer times a continuum model is employed to describe the dynamic
response of the camposite body.

Progress

It was shown that due to the inhomogeneous composition and for the
ratios of material properties of the constituents that are used in
actual composites large tensile stresses and thus delamination through
tensile failure may occur.

PUBLICATIONS

"Stress Waves in a Laminated Medium Generated by Transverse Forces,"
L. E. Voelker and J. D. Achenbach, J. Acoust. Soc. Am., 46,
1213 (1969).

"Separation at the Interface of a Circular Inclusion and the Surrounding
Medium Under an Incident Compressive Wave," J. D. Achenbach,
J. H. Hemann and F. Ziegler, J. Appl. Mech., 37, 298 (1970).

"Agymptotic Analysis of the Modes of Wave Propagation in a Solid Cylinder,"

J. D. Achenbach and S. J. Fang, J. Acoust. Soc. Am., 47, 1282
(1970).
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INVITED TALK
"Methods Based on Dynamic Similarity for Problems of Elastic Wave

Propagation,” Illinois Institute of Technology, Chicago, Illinois,
February 1970.
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CLEAVAGE REACTIONS OF GROUP IV-M METAL-METAL BONDS

A. L. Allred
Professor, Department of Chemistry

C. Frank Shaw, III
Ph.D. Thesis Research (Completed)

Objective

To investigate the cleavage of unsymmetrical metal-metal bonds
with unsymmetrical reagents including iodine monochloride, hydrogen
chloride and trifluoroiodomethane. Of interest were factors which
determine the mode of cleavage:

(CHo )aM-M"(CH, ), + x-\ - (CHa)aMX + (CHy)aM'Y

Bnd/oE . (ciy)oMY + (Clg)sM'X

Approach

The reactions of (CH)sM-M’(CH,),, where M and M’ are C, Si,
Ge and Sn, were carried out in sealed tubes and/or a high vacuum
system. Products were identified by gas chromatography, nuclear
magnetic resonance and infrared spectroscopy.

Progress

The iodine monochloride cleavage reactions of M-M' bonds lead
in each case to the products predicted by the generalization of Hard
and Soft Acids and Bases and not in general to the products having the
larger bond polarities. For example:

(CHy )3SnGe(CHy )3 + IC1 ——> (CHy)aSnI + (CH,)yGeCl

The other conceivable products ((CH; ),SnCl + (CHy)sGel) of this

reaction would be predicted from a consideration of bond polarities.

While thermmodynamic data are scarce, the experimental results indicate

that the products are thermodynamically controlled and not kinetically
controlled. The silicon-germanium bond is surprisingly stable toward
hydrogen chloride. For HC1 and (CH; );GeSn(CH, )3, carbon-tin and germanium-
tin cleavages occur to about the same extent.



DIASTEREOTOPIC NONEQUIVALENCE IN ASYMMETRIC TIN COMPOUNDS

A. L. Allred
Professor, Department of Chemistry

D. V. Stynes
Ph.D. Thesis Research

Objective

The goals of this are (a) to determine those factors which
influence rates of inversion at tin, and (b) to synthesize and resolve
asymmetric tin compounds. Despite a tremendous amount of work in-
volving optically active carbon-containing compounds, no asymmetric
compound of tin has been resolved.

Approach

Classical organometallic procedures were employed for the
syntheses of benzylmethylneophylphenyltin, methylphenylbenzyltin
iodide, benzylmethylneophyltin iodide, benzylmethylneophyltin chloride
and methylneophylphenyltin iodide. Diastereotopic nonequivalence
was investigated by nucelar magnetic resonance.

Progress

A comparison of the NMR spectra of the above asymmetric tin
compounds indicates that the large anisotropy of the phenyl ring is
important in establishing a sufficient difference in shielding for
diastereotopic nonequivalence to be observed. All three diastereo-
topic groups in benzylmethylneophyltin chloride are observably aniso-
chronous in nonpolar solvents. Analysis of the coalescence of all
three sets of diastereotopic peaks provides definitive evidence for
a rapid inversion of configuration of the asymmetric tin center in
trialkyltin halides. The concentration dependence of the mean life-
time of the asymmetric tin center indicates a second-order process.

A five-coordinate halogen-bridged intermediate apparently is involved
in the observed halogen exchange accompanying inversion.

INVITED TAIK

"Electron Spin Resonance Studies of Organometallic Compounds,"
Ohio State University, February 1970.

- 13 -



HIGH (NIDATION STATES OF ZINC, CADMIUM, AND MERCURY

A, L. Allred
Professor of Chemistry

M. 0. Kestner
Ph.D. Thesis Research

Objective

The goal of this research is to stabilize and investigate the
properties of the Zn*®, Cd*®, and Hg"® ions both as dopants in
oxide lattices and as the central element in complexes.

Approach

Attempts are being made to obtain high oxidation states by
"valence inductivity". It is well-known that if certain metal oxides
are either deposited on the surface of a different oxide or dissolved
in the second oxide, the crystal structure of the film or the solid
solution tends to be detemmined by the structure of the host oxide,
and the added metal ions on the surfacc or in the crystal tend to have
the same oxidation states as the metal ion of the host oxide. A
second approach to high oxidation states involves the use of ligands
which tend to stabilize the tripositive ions of silver and nickel.

Since Zn*?, Cd*® and Hg*® are d® ions, isoelectronic with Cu*3?,
electron spin resonance is the choice tool for the detection of these
ifons.

Progrees

The cogrecipitation of A1,0, and CdO, followed by heating from
500° to 1000 in an oxygen atmosphere, gave a material which exhibit-
ed a weak electron spin resonance spectrum reminiscent of the e.s.r.
spectrum of Cu*?. Attempts are being made to maximize the concentra-
tion of Cd*® in A1;0,. A comparable e.s.r. signal was observed for
the product of the persulfate oxidation of ethylenebisbiguanidezinc
sulfate. The tripositive ion, ethylenebisbiguanidesilver(III) is
well-known and preparable by a comparable oxidation of silver(I) complex.
Currently, attempts are being made to oxidize marcocyclic-tetranitro-
gen complexes of nickel, zinc and cadmium both with persulfate and
by electrochemical techniques.

PUBLICATION OF RESEARCH DESCRIBED IN PREVIOUS MRC ANNUAL TECHNICAL REPORTS

"Isotope Exchange in the GeH,-KOD-D,O0 System,”™ A. L. Allred and R. L.
Deming, Inorg. Nucl. Chem. Letters, 6, 39 (1970).

- 14 -



SYNTHESIS OF GLOBULAR MOLECULES

A. L. Allred
Professor, Department of Chemistry

S. A. Kandil
Research Associate (Completed)

C. F. Shaw, III
Ph.D. Thesis Research (Completed)

This research was partially supported by the National Institutes
of Health.

Objective

To synthesize the large, spherical, highly hindered molecule,
tetra-t-butyltin and to observe physical and chemical properties of
this compound. The general goal is the synthesis and characterization

of new materials.

Approach

The planned synthesis of tetra-t-butyltin involves the reaction
of tin tetrachloride and t—butyllithium. The cryoscopic constant
will be measured by the standard sealed tube technique and also cal-
culated from delta H fusion. Heat capacity measurements will be used
to infer the temperatures at which (1§ molecular rotation begins,

(2) phase changes, if any, occur, and (3) methyl and t-butyl rotations
are important, if they are important. The second moment and the spin
relaxation time, T, , will be measured as a function of temperature.
The crystal system will be determined by x-ray diffraction.

Progress

Several t-butyltin derivatives including the tri-t-butyltin
chloride and iodide were synthesized. Experiments designed for the
synthesis of tetra-t-butyltin by the reaction of tri-t-butyltin halide
with t-butyllithium led to the isolation of hexa-t-butylditin. On
the other hand, other organolithium and Grignard reagents yielded
the expected products. A critical study was undertaken to establish
the structural requirements in the organotin derivatives for the normal
substitution to occur preferentially over the coupling reaction.

Two series of monomers of the type R,R’/SnX were synthesized for this
purpose: Series I, where R = tBu; R’ = CgH;, p-CHaCgHs , CoHs CHz,
n-Bu; and Series II where R’ = t-Bu; R = CBHg CBHBCHQ, n-Bu; X = Cl,
Br, I. Coupling was observed with Series I 5 and Series IT yielded
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the nomal products. A description of these results is in press
(J. Chem. Soc. A.).

PUBLICATIONS

"Nonbonded Interactions in Organometallic Compounds of Group IVB,"

C. F. Shaw, III and A. L. Allred, Organometallic Chem. Reviews,
5, 95 (1970).

"Apparatus for Crystallization at Low Temperatures in an Inert
Atmosphere,' C. F. Shaw, III and A. L. Allred, J. Chem. Ed.,
47, 164 (1970).
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SOME LXACTLY SOLVABLE PROBLEMS IN MAGNLTISM

M. Bailyn
Professor, Department ol Physics

J. Chen
Ph.D. Thesis Resecarch

This resecarch is jointly supported by the National Science Foundation
and the Advanced Research Projects Ageney.

Objective

The objective of this project is to sec if" something can be said
rigorously in the theory of spin magnetism, and in so doing, gain some
insight into the general features of the phenomena and into the usual
approximations made.

AEEroach

We start from the limiting case of a one-dimensional loop of atoms
with one electron per atom all with the same spin, the ferromagnetic limit.
With this as a reference state, we consider certain classes of excitations,
the simplest being a one spin-flip excitation, the next simplest two spin-
flips, and so on. The general prucedure is extremely simple: expand the
wave function of the excited state in a complete set of Wannier spin-flip
states, substitute into the Sclhrddinger equations, and set up equations
for the coefficients in the expansion. The resulting equations are then
Fourier analyzed. Alternatively, the resulting ecquations are solved by a
method generalized from the Bethe method used in the problem of an anti-
ferromagnetic chain.

Progzess

Last year, the one-spin f1lip problem was completely solved for two
cases: (1) the linear loop with one-band with nearest neighbor Wannier
interactions, and (2) the two-band loop with nearest neighbor inter-
actions in a band and on-site interactions between the bands. These two
cases have been published this past year. Since then, we have worked
the problem of a one-band loop with long range interactions, and some
nearest neighbor two and three dimensional problems. The long range
calculation has been completed and accepted for publication, the many
dimensional problem is still being calculated. We have also looked at the
case of the two-clectron, one lole excitation, and the two spin-flip
excitations, but these are orders of magnitude more difficult to solve than
the one-spin flip case. To investigate these more complicated excitations
we looked into the feasibility of solving the problem by the Bethe method.
This method enables the wave functions to be put in a simple form, and has
been used in other related problems. We have been able to re-solve the
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one-spin flip problem by this method and as complicated as the spectrum
is, the Bethe solution in its completely different form gives precisely
the same result, as must of course be. The other excitations have been
studied now by the Bethe method, but as yet the formulation gives
rosults still too complicated to be satisfactory.

FUBLICATION

"Ferromagnetic Spin Excitations in a One-Band Metallic Loop,™ J. Chen
and M. Bailyn, Phys. Rev., B, 3030 (1970).

PUBLICATIONS ON COMPLETED RESEARCH PREVIOUSLY REPORTED IN MRC ANNUAL

TECHNICAL REPORT

"Kondo Effect in the Ruderman-Kittel-Kasuya-Yosida Interaction,' R.
Bresemann and M. Bailyn, Phys. Rev., B, 334 (1970).



STRUCTURE SENSITIVE PROPEKRTIES OF SOLIDS - CALVANOMAGNETIC EFFECTS
IN B’ -PHASE INTERMETALLIC COMPOUNDS

J. 0. Brittain
Professor, Department of Materials Science

T. Yoshitomi
Ph.D. Thesis Research

Objective

The objective of this research is to study the electronic trans-
port properties of equiatomic sd-transition-metal aluminides, (B’-
phase), which have CsCl type crystal structure, and to ascertain the
nature of the magnetic elements in the compounds.

Approach

Noting the anomalous galvanomagnetic effects of NiAl such as
resistance minimum phenomena, negative magnetoresistance and field
dependent Hall coefficient, which can be explained qualitatively in
terms of so-called s-d interaction, we measure electrical recistivity,
magnetoresistance and Hall coefficient on CoyNi ,s.xAl ¢ and
FeyNi_g.xAl ¢ as a function of- temperature and composition
(0« x £0.5).

In the case of these alloys, the mechanism of the anomalous
transport phenomena would be more directly attributed to the
localized magnetic moment at the transition metal atoms in the alloys
rather than to the deviation of caomposition from the stoichiometry
which was employed to explain the existence of s-d interaction in
B’-NiAl systems.

Progress

Electrical resistivity measurements have been made on the alloys
described above. All samples containing Co showed the resistance
minimum phenomena at low temperatures. The depth of the minimum
increases as the Co concentration increases. No resistance maximum
phenomena were observed in this system. The resistance minimum
phenomena was also observed in the alloys with Fe additions of less
than 0.4. The depth of minimum was largest at x = 0.05 and resistance
maximum following the minimum was observed in some alloys of this
system. For both systems the temperature dependence of the resistivity
exhibited Kondo-type logarithmic dependence, but deviated from it at
very low temperatures.

PUBLICATION

"Electronic Structure of p’-NiAl," Y. Yamaguchi, T. Aoki, and J. O.
Brittain, J. Phys. Chem. of Solids, 31, 1325 (1970).
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STRUCTURE SENSITIVE PROPERTIES OF SOLIDS - MECHANICAL BEHAVIOR OF
COMPOSITE MATERIALS

J. 0. Brittain
Professor, Department of Materials Science

P. Golumbovski
Ph.D. Thesis Research

Objective

Composite materials are a developing class of materials with
improved properties at high temperatures. An investigation of the
temperature and structural dependence of the mechanical behavior of
composites is the main objective of this research.

Approach

Controlled directional solidification will be utilized to prepare
composites in eutectic alloys. This technique will produce a distri-
bution of rods or lamellae in a continuous matrix. The nature of
the distribution can be varied through control of the growth rate and
the temperature gradient at the solid-liquid interface during solidi-
fication. The structures will be characterized by quantitative metal-
lography techniques in conjunction with optical and electron microscopy.
The mechanical behavior of suitable prepared and characterized specimens
will be determined by tensile testing at various temperatures and strain
rates. Some effort will be devoted to elucidate fracture processes.

Progress

A directional controlled solidification apparatus has been
designed and is under construction. Means for controlling the
solidification rate and the temperature gradient of the eutectic alloys
have been incorporated in the apparatus. Apparatus for the elevated
temperature tensile tests have also been assembled.
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STRUCTURE SENSITIVE PROPERTIES OF SOLIDS - OPTICAL PROPERTIES IN
B ‘-PHASE INTERMETALLIC COMPOUNDS

J. O. Brittain
Professor, Department of Materials Science

K. Tamura
Ph.D. Thesis Research

Objective

This investigation is directed toward discerning the influence
of the defect state in intermetallic compounds upon various properties.

Approach

The optical properties have been evaluated from intensity data
on a specially designed reflectometer and polarizers in the wavelength
range of approximately 0.25 to 2.5,. Moreover an InSb detector for
wavelength range of 1 to 5. and vacuum UV spectrophotometer for wave-
length range of 0.1 to 0.3y are being used to work for normal reflec-
tance measurements to extend the range of measurements. Since the
optical properties represent superposition of free electron behavior,
interband transitions and plasma effects, a separation of the individual
contributions is a desired objective.

Progress

The optical properties of B’-NiAl, and -CoAl, NiGa and CoGa
have been investigated, and it has been reported that only NiAl had
a compositionally dependent interband tramsition at photon energy of
2.5eV. The optical prOperties of ternary alloys Ni Co Al,_y_,,

Ni) o yu yALxCay, NiyFe -x-y and Ni,Cu,Al)_y., of mainly stoichio-
metric compo ition (x + y =0.5) have how beeh measured in the wave-
length range of 0.1 to 2. Su. The three peaks in e, observed with

Nij e g leay alloys are linearly compositionally dependent. However,
measurements” with NixCoyA11_x_ and NixPe§A11_x_ alloys revealed
that all three peaks in” e, , 4.1 and 5.3 eV) are campositionally
independent when they are not masked by free electron behavior. In
NiyCu,Al, _x. alloys, the 2.4eV peak moved to a lower photon energy
with increasing copper content.

PUBLICATION

"The Optical Properties of B’-Phase CoAl, and NiGa," D. Kiewit and
J. O. Brittain, J. Appl. Phys., 41, 710 (1970)
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STRUCTURE SENSITIVE PROPERTIES OF SOLIDS - PRISMATIC DISLOCATION LOOP
FORMATION AND GROWTH IN B ’-NiAl

J. 0. Brittain
Professor, Department of Materials Science

G. W. Marshall
Ph.D. Thesis Research

This research is partially supported by Northwestern University.

Objective

This work aims at gaining an understanding of the nature and
origins of the dislocation structure observed in B /-NiAl as a function
of camposition and thermal history.

Approach

Thin foils fram oriented single crystals and polycrystals of
representative compositions of B’-NiAl are examined using transmission
electron microscopy to detemmine the variations in structure resulting
from different thermal treatments. Experiments designed to control
thermal conditions and composition are used to characterize the
dislocation source and mechanism of dislocation loop growth.

Progress

Prismatic dislocation loops and spirals on (100) planes with
Burgers vectors of a (100) type have been observed in near stoichio-
metric and Al-rich alloys of p/-NiAl. The critical thermal history
for the development of the prismatic dislocation loop structure in
single crystals has been determined. The structure can be explained
in terms of the operation of Bardeen-Herring dislocation sources.
The phenomenon has not been observed in Ni-rich alloys or in alloys
of small grain size. Attempts to control dislocation sources by
varying the heat treating atmosphere in Al-rich single crystals has
failed. Impurities in the starting material for crystal growth
apparently are responsible for the presence of the dislocation sources,
although selective additions of suspected impurities to melts of high
purity Ni and Al have not produced the Bardeen-Herring dislocation
sources.

Research is being carried out to determine the following:
1) the spatial distribution of loops produced as a function of heat
treatment and composition; 2) if the loops are of vacancy or intersti-
tial type; and 3) the factors detemining the shape of the loops and
the mechanism of loop growth.
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STRUCTURE SENSITIVE PROPERTIES OF SOLIDS - STRUCTURE AND PROPERTIES
OF POLYMERS

J. 0. Brittain
Professor, Department of Materials Science

W. W. Graessley
Professor, Departments of Chemical Engineering and Materials

Science

F. S. Myers
Ph.D. Thesis Research

This research is partially supported by Northwestern University.

Objective

The objective of this work has been to survey various thermal
and mechanical properties of blends of Lexan Polycarbonate and
Polysulfone P-1700 as functions of composition and thermal history and
to relate these results to observed compositional variations in
microstructure.

Approach

Lexan and P-1700 have been solution blended to a number of
intermediate compositions, and the blended material reclaimed from
solution by solvent evaporation from thin, cast films. These films
then were ground to a fine molding powder and molded into bulk form
by compression and injection molding processes.

Thermal expansion and softening temperatures were obtained from
linear dilatometry; tensile tests were perfomed at 0°, 25°, and
65°C at a single strain rate; and a low frequency investigation of
the secondary B peak region of the mechanical relaxation spectrum
was conducted by a free decay technique.

Microscopic evaluation of microstructure was performed principally
by optical microscopy on deformed and undeformed etched material and
on tensile fracture surfaces.

Progress

A marked variation in microstructural texture was found among
material from the three molding techniques. This variation was found
to exhibit considerable influence on the tensile behavior, but the
effects were less evident in the other tests performed.
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From the microscopy it was determined that the blends forxmed
a two phase system at all compositions investigated. A phase inversion
was found near 75 wt/o P-1700, and it was also in this region that
notable property changes were observed in softening temperatures,
tensile moduli, and the mechanical relaxation. The thermal and tensile
property changes reflect the transition from Lexan to P-1700 being the
continuous, load bearing component.

The effect of composition on the relaxation process is not as
macroscopically obvious. The broad, single P peak found in Lexan
and P-1700 was found to divide into two peaks in 75 wt/o unannealed
material. With annealing, the higher temperature peak was absorbed
into the high temperature side of the primary peak, yielding in a
fully annealed sample, the single peak found in P-1700. It is speculated
that the occurrence of the second relaxation peak was due to the strain
associated with the intermixing of molecular chains associated with
the inversion composition.

While apparently incompatible in the thermmodynamic sense, the
microscopic investigation of deformed and fractured surfaces indicates
considerable interfacial interaction in all campositions.
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MICROWAVE INVESTIGATIONS OF SEMICONDUCTORS

M. E. Brodwin
Professor, Department of Electrical Ingineering

I, Brodsky
Ph.D. Thesis Research

K. Chou
Ph.D. Thesis Research (IIL Fellow)

S. Kahn
Ph.D. Thesis Research (Northwestern University Support)

W. Tempelmeyer
Ph.D. Thesis Research (Northwestern University Support)

Objective

The purpose of this project is to observe and analyze phenomena
appearing at microwave frequencies in certain solids. Problem areas
are chosen which combine both scientific and applied objectives.
Representative of these areas are: instability in drifted plasmas,
microwave hypersound in paraelectric solids and microwave-acoustic-
transducers.

Aggroach

The theoretical and experimental studies are designed to answer
specific questions about each of the phenomena studied. For example,
our studies in drifted plasma are directed toward developing definite
experiments to resolve theoretical questions. The oscillation in InSb
under pulsed electric field conditions is currently explained by stating
that the emission originates in the high density and high density
gradient regions produced by Suhl effect concentration. An experiment
has been devised to test these speculations and preliminary results
indicate that these speculations are incorrect, and a different
theoretical explanation is required for the observed instabilities. In
the same area, a well known dispersion relation has been used to predict
instability in drifted plasmas. This relation has never been experi-
mentally verified and our study of it suggests that its range of validity
may be quite small. Thus, an experiment is being planned to examine this
dispersion relation.

We are also examining a new plhienomenon: the interaction of microwave
phonons with paraelectric solids. Here we are searching for the first
experimental evidence of a postulated microwave resovnant absorption in
crystalline KC1 with small additions of substitutional hydroxyl ion.

This absorption arises from transitions between dipole energy levels and
is analogous to an acoustic absorption in a paramagnetic system.
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Recent interest in applications of microwave phonons to radar and
commnications has prompted a review of the transducer mechanism at these
frequencies. We have instituted a study of a new, more efficient trans-
ducer structure.

Progrcss

The work on hot electrons in InSb and other semiconductors is at the
point where large area diffused contacts are being deposited on samples.
The instrumentation for this problem has been completed.

The interaction of microwave phonons with paraelectric solids has
reached the point where a rather complex experimental apparatus has been
constructed, samples prepared, and final refinements being carried out.

The microwave-acoustic transducer study is at the point where the
feasibility analyses is being completed.
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ANISOTROPIC ELECTRICAL CONDUCTIVITY IN POLYMERIC SOLIDS

S. H. Carr
Asgsistant Professor, Departments of Materials Science and

Chemical Engineering

S. Deo
M.S. Thesis Research

Objective

A number of polymers have been synthesized during the past
decade with the purpose of creating materials with low electrical
resistivity. In most cases the electrical conductivity was measured
on bulk samples but the solid state molecular organization was not
investigated. Because the electrical conductivity in these polymers
will probably be anisotropic, control over morphoiogy is the likely way
to maximize their usefulness. Thus, it is the aim of this research
to establish principles in the relationship between electrical conductivity
and morphology.

Aggroach

Two lines of pursuit are being followed, the first of which in-
volves the manufacture of microelectrodes suitable for measuring elec-
trical conduction in polymer single crystals. Photolithographic
Techniques for making miniature integrated circuits are being employed
to make an array of many closely spaced gold conductors on sapphire chips.
Single crystals can then be deposited on the chip by drying them from
suspension in xylene. Current-voltage relationships at a variety of
temperatures will be measured to obtain information on the conduction
mechanisms.

The other approach to this project involves the synthesis of
polymer from tetraiodophthalic anhydride and the substitution of pyridine
for chlorine in poly(epichlorohydrin). Each repeat unit in this latter
polymer has the capacity to complex with TCNQ molecules blended into the
sample. A study of morphology by electron microecopy and diffraction
techniques will reveal what levels of molecular organization exist in
both polymers.

Progress
Chips for use as microelectrodes are being prepared. Apparatus

for synthesizing the polymers is being assembled and the electrical
conductivity cell is under c anstruction.
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MOLECULAR STRUCTURE IN POLYOLEFIN FIBERS

S. H. Carr
Assistant Professor, Departments of Materials Science and
Chemical Engineering

P. Fung
M.S. Thesis Research

Objective

Fibers made from crystallizable polymers undoubtedly derive much
of their mechanical properties from the character of their molecular
order. The crystal texture of these fibers is controlled considerably
by conditions imposed on the melt spinning, take-up, and post-drawing
processes. Furthermore, the molecular weight distribution in the polymer
effects the morphology.

The objective of the present research is the characterization of
the morphology of melt spun fibers from polyolefin samples in which
the molecular weight distribution has been modified and the identifi-
cation of all major parameters relating to the strength of these synthetic
fibers.

Approach

Control of the molecular weight is being achieved primarily by
a technique developed in preceeding work on polyethylene crystallization
from solution (see publication). This technique uses a bed of crushed
NaCl to selectively extract the fraction of the sample presumed to
contain the 1: :gest molecules, and another sample is enriched with
the extracted material. Fibers are then formed by extruding the poly-
ethylene through a small diameter capillary in the Instron Melt Rheometer.
Fibers may then be subjected to a variety of post-drawing conditions.
Characterization follows with tensile measurements and electron microscopy.

Progress

Equipment ne~essary to melt-spin and take-up fiber has been
assembled and used. Apparatus for extracting high molecular weight
material has been constructed and polyethylene samples have been made.
Techniques for sur‘ace replication of the fibers, suitable for electron
microscopy, have been developed. Preliminary results suggest a pro-
nounced sensitivity of the fiber production processes to molecular weight
distribution, but dif{erences in the resu’ting morphology and fiber
strength seem subtle.

- 928 -



PUBLICATIONS

"Relationship Between Self-Seeded and Epitaxial Crystallization from
Polymer Solutions. A Possibly New Technique for Molecular Weight
Separation,"” S. H. Carr, A. Keller, and Eric Baer, J. Polymer
Sci., Part A-2, 8(9), 1467 (1970).

-29 -



DIFFRACTION STUDIES OF MATERIALS

J. B. Cohen
Professor, Department of Materials Science

M. Kirk
Ph.D. Thesis Research

J. Gragg
Ph.D. Thesis Research (Campleted)

Objective
X-ray studies of defects in solids.

Approach

Measurements of diffuse x-ray scattering and the intensities of
Bragg peaks.

Progress

Measurements of the diffuse intensity from Al-§ at.pct Ag (aged
at 110°C) in a volume of reciprocal space has pemitted the separation
of this intensity into that due to local order and that due to atomic
displacements. The scattering near superstructure positions, previously
thought to be due to order within G.P. zones, has been shown to be due
to distortions associated with the zones. Computer simulation with the
Warren local order parameters indicates that the zones are octahedra
(containing 68 at.pct Ag), not spheres, as was generally thought to be
the case.

The differences in strength and resistivity of zones formed above
170°C, where these are more nearly spherical, and below 170°C appear to
be due to the decrease in Ag concentration (and hence, the distortion
due to the zones) at the higher temperatures.

With Professor Davidson's group, the radial density distribution
‘of partially crystalline isotactic polystyrene was obtained; this was
compared to our previous results on isotactic and atactic amorphous
phases, and the crystalline structure. It appears that as the regularity
increases (atactic amorphous-isotactic amorphous~isotactic partially
cryatalline-cxyatallins helical portions of the long chain decrease
their pitch and their separation.

Work continues on studies of electron damage of NijgMn, to detect
whether replacement collisions really occur. Single crystals have been
grown and cut, and are being heat-treated. Because little is known of
the diffusion rates or ordering kinetics in this alloy some preliminary
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data on ordering were obtained to guide heat-treatments. An attachment
has been built for x-ray studies of the intensity of superstructure
reflections. In addition to allowing aligmment of the crystal at low
temperatures, it can be attached to a Yan de Graff generator for in situ

bombardment .

PUBLICATIONS

"Optimum Procedures for Determining Ultra-Fine Grain Sizes," J. B.
Cohen, W. Paulson, and J. E. Hilliard, 15th Sagamore Army
Materials Research Conference, Syracuse University Press,
Syracuse, New York (1970) pp. 73-98.

"An X-ray Study of a Possible Phase Transition in Phenanthene,"
J. B. Cohen, K. Chiang, P. Forsyth, L. Morrison, and J. Kauffman,
Phys. Rev. Letters, 30A, 531 (1969).

"The Nature of Long-Range Order in Cu,.xAut.x," J. B. Cohen and
P. Cehlen, J. Appl. Phys., 40, 5193 (1969).

"The Order-Disorder Transformation” in "Phase Transformations,”
ASM, Metals Park, Ohio, 1970, pp. 561-620.
INVITED TALXS

"The Physical Meaning of Local Order,” Gordon Conference on Physical
Metallurgy, Tilton, New Hampshire, August 24, 1970.
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EFFECTS OF THERMO-MECHANICAL TREATMENTS ON THE SUBSTRUCTURE IN METALS
AND ALLOYS

J. B. Cohen
Professor, Department of Materials Science

R. Marion
Ph.D. Thesis Research

M. A. Zemitis
M.S. Thesis Research (NSF Trainee)

This research is supported by the Office of Naval Research.

Objective

Studies of the effects of themmal and mechanical treatments on
faulting, macro-stresses, microstrains and subgrain sizes in metals
and alloys.

Approach
Analysis of x-ray diffraction peak shape and position.

Progress

Work continues on the anomalous effect in residual stress measure-
ments with x-rays. (It is known that in compression, tension, or bend-
ing, a macro-stress is measured when other methods indicate that there
is none; also, the sign of the stress and/or its magnitude can vary
from peak to peak used in the measurement.) We have found a similar
effect after moderate rolling. It has been proposed that this effect
is related to texture in the specimen (F. Bollenrath, V. Hauk, and W.
Weidemann, Archiv fur das Eisenhutt., 38, 793 (1967)); this has been
confirmed qualitatively, and a simple way to include the effects of
texture quantitatively has been developed. This method does not involve
the measurement of a pole figure and is simple enough to be of general
use. Quantitative tests are underway, for Cu;Au and a 1045 steel.

At the same time, we are exploring further the conditions for which
this effect can be serious.

When as cast Al-Si alloys are deformed at roam temperature, the
peaks of the Si phase sharpen, and cortinue to do so with time after
deformation. This effect appears to be due to thermally activated
relaxation of dislocation arrays in the Al matrix around Si particles.
In Ag-Si, the Si peaks broaden extensively; due to the lower fault
energy of Ag, caompared to Al, such rearrangement is» not as easy.
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Quantitative studies with the Ag-Si sysiem are being made with two
different morphologies for the Si phase, spheres and needles. Fourier
analysis of line-broadening is being carr ed out under load in tension
and after release of the load.

A small tensile rig, to be used in both studies, has been
constructed for the diffractometer.

PUBLICATION

"Broadening and Shifting of Diffraction Profiles from Antiphase
Boundaries or Faults in a B2 Structure,"” J. B. Cohen and R.
Rothman. Proceedings of the 3rd Bolton Landing Conference on
Ordered Alloys, Claitor's Publishing Division, Baton Rouge,
Loutsiana, 1970, pp. 149-167.
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LOCAL ATOMIC ARRANGEMENTS IN ALLOYS AND INTERMETALLICS

J. B. Cohen
Professor, Department of Materials Science

P. Bardhan
Ph.D. Thesis Research

H. Berg
Ph.D. Thesis Research (Cabell Fellow)

K. Paavola
M.S. Thesis Regearch

This research is supported by the National Science Foundation.

Objective

Theoretical and experimental studies of local atomic arrangements,
their topology and their effect on properties.

Approach

Inter-relationships between local order parameters and their
control of local atomic arrangements are studied theoretically. Experi-
mental measurements of diffuse scattering, their interpretation in
terms of the local structure, and the role of this structure in determin-
ing properties.

Progres

We have been able to show (without any assumptions) that the
first two or three pair probabilities or local order parameters (a's)
very tightly confine the values for nearest-neighbor triplets or quadrup-
lets in an f.c.c. structure. For example, for CusAu at 450°C the all-
copper quadruplet fraction could range from 0.0 to 0.75, but the known
a's confine the range to 0.11-0.16. The equivalence due to symmetry of
many triplets or quadruplets in any group of ataoms plays a key role in
this confinement, but in the f.c.c. structure there are many more symmetry
conditions than needed for this. We are now exploring whether the
confinement exists also in b.c.c. alloys for which the symmetry is lower.

A program for camputer simulation of a 2-d alloy has been written
to examine the local arrangements of Onsager's exact solution of the
Ising model, and the effects of various approximations on these arrange-
ments.
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Computer simulation of the local atomic arrangements in an
Fe-6 at pct Mo alloy (with pair probabilities from our x-ray study of
this system) has proved particularly interesting. The Mdssbauer spectra
from this system after aging at 550°C had been studied previously
(H. L. Marcus, M. E. Fine, and L. H. Schwartz, J. Appl. Phys., 38, 4750
(1967)). Extra peaks appear due to Fe atoms with different numbers of
Mo atom neighbors. An interpretation in terms of 0, 1 or 2 Mo neighbors
in the first two neighbor shells is given in Table 1 (a); this is the
model the authors employed. It is not in agreement with the computer
simulations. Furthermore, the peak for Fe atoms with no Mo neighbors
should be larger in the actual alloy than for a random alloy, as there
are Mo clusters, but the reverse is true (compare columns 2 and 4). A
more successful explanation was obtained by including Mo atom neighbors
in three shells, Table 1 (b). These simulations should thus be particu-
larly useful in interpreting the complex Mdesbauer spectra from alloys.

The data and simulations also provide some information on the lack of
hardening due to the zones and the alloy "softening" in this system.

Table 1. Comparison of Atomic Distributions with Interpretation of

Méssbauer Spectra in Ref. 2, for Fe-6.1 at. pct Mo.

(a)
Fraction of Fe atoms with Random Clustered, From
indicated number of Mo (Calculated) fram Atomic Ref. 1
neighbors in 1st and 2nd Distributions
shell.
0 0.438 0.498 0.384
1 0.402 0.296 0.561
2 0.160 0,133 0.055
> 2 — 0.072 --
(b)
Fraction of Fe atoms with Random Clustered, From
indicated number of Mo (Calculated) from Atomic Ref. 1
atoms in 1lst three shells. Distributions
0 25 0.36 0.384
1 or 2 (with 1 in each of .64 0.55 0.561
two shells).
2 in either 1st, 2nd, or 11 0.09 0.055

3rd shell.
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Our field-ion microscopy of partially ordered CoPt, has been
completed. (This work was done by Mr. Berg at Pennsylvania State
University with Profs. Mueller and Tsong.) Rods of Pt geveral atoms
in length on wrong sites in <100> and <110> directions have been found.
Also there are at least two dimensional Pt-rich regions and small out-
of-phase regions. We are trying to determine if these larger regions
are three dimensional. Single crystals have been obtained and are
being heat-treated. (When this is done, the diffuse x-ray scattering
will be measured and camputer simulations from the measured pair-
probabilities will be compared to the FIM studies.)

A set of programs have been developed and tested to enable a
PDP 8/L computer to run diffuse scattering experiments. After an
initial dialogue with the operator concerning physical limits on the
angles of tilt of a crystal and other variables of the experiment, the
computer moves three motors to establish a position in reciprocal space,
records counts at this position corrected for dead time, and moves on.
Points outside the physical limits are skipped and a constant check is
made of the direct beam's intensity and any specimen movement. The
data, on paper tape, is then fed to another code which places it in
a format suitable for an other program for the CDC 6400; this separates
intensity into its components due to local order and size effects, and
then performs Fourier inversions for local-order parameters, etc.

PUBLICATIONS

"The Order-Disorder Transformation," in "Phase Transformations,™ ASM,
Metals Park, Ohio, 1970, pp. 561-620.

"A Brief Review of the Properties of Ordered Alloys," J. B. Cohen,
J. Mat. Science, 4, 1012 (1969).
INVITED TALK

"The 'Gestalt' of Local Order," Battelle Conference on Critical
Phenomena, Gstaad, Switzerland, September 9, 1970.
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PHASE TRANSFORMATIONS IN MACROMOLECUIAR MATERIALS

T. Davidson
Assistant Professor, Departments of Materials Science and Chemical

Engineering

T. Natarajan
Ph.D. Thesis Research

A. Scigliano
M.S. Thesis Research (0.A.S. Fellow)

Objective

The mechanism and kinetics of phase changes in polymeric solids
including melting, crystallization and solid-solid transformations are

under investigation.

Approach

Several solid polymers exhibit solid-solid structural transforma-
tions. A prominent example is the pair of transitions at 19° and 30°C
in polytetrafluoroethylene. These transformations result in a change
in crystal structure fram triclinic to hexagonal and an unwinding of the
macromolecular helix. The kinetics of these transformations can be
measured themmogravimetrically by following the change of specific
volume with time.

Melting and crystallization of polymers is affected by a number
of parameters, notably the molecular weight distribution and the presence
in the distribution of both very long and very short molecules. Poly-
(ethylene oxide) has been chosen as a model system in which to investi-
gate the effects of molecular weight on melting and solidification.
Binary mixtures which differ widely in mean molecular weight are being
used to test the hypothesis of fractionation during crystallization.

Progress

A model for the 19 degree transition in PTFE has been developed
and is being used to predict the kinetics of the transition. Experiments
using a recording thermobalance are underway to provide data for a test
of the model.

Measurements of the transition temperatures and heats of fusion

in the poly(ethylene oxide) system are being performed using differential
scanning calorimetry.
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STRUCTURE OF HIGH POLYMERS IN THEL SOLID STATE

T. Davidson
Assistant Professor, Departments of Materials Science and Chemical
Engineering.

W. S. Park
M.S. Thesis Research (Stauffer Fellow)

Objective

This research is directed toward understanding the structure of
high polymers in the crystalline and semi-crystalline states.

Approach

The study of effects due to crystallinity in polymers is usually
complicated by the coexistence of crystalline and non-crystalline regions
in macromolecular solids. We have studied polymers crystallized under
high pressure which leads to extended-chain structures with a minimum
of non-crystalline material. Another class of polymers which exhibits high
crystallinity consists of macromolecules which have polymerized and crystal-
lized simultaneously. Particle-form polyethylene constitutes such a
material.

When this polymer is synthesized over catalysts of supported
transition metal oxides at low temperatures, the macromolecules crystal-
lize during the act of polymerization. Effectively, this is a trans-
formation from gaseous ethylene monomer to crystalline solid polymer.
Since polyethylene crystals are formed directly by this gas-solid
reaction, the usual entropic and kinetic barriers to crystallization
are absent and enhanced crystal growth is the result.

Progress

Through the use of scanning electron microscopy, a series of
unique structural features has been discovered in particle-form poly-
ethylene. Four distinct structural elements have been found in the 0.05
to 10 micrometer range. Helical crystals are present in lengths up to
7 micrometers. Further details of the microstructure are being actively
investigated.

INVITED TALKS

"Extended-Chain Polymer Crystals," Department of Chemical Engineering
Colloquium, Northwestern University, February 2, 1970.

"The Microstructure of Crystalline Polymers by Electron Microscopy,"
State Microscopical Society of Illinois, Chicago, February 27, 1970.
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THE STRUCTURE OF AMORPHOUS POLYMERS

T. Davidson
Assistant Professor, Departments of Materials Science and Chemical

Engineering

S. M. Wecker
Ph.D. Thesis Research

Objective

The principal objective of this research is to characterize the
structural features of high polymers in the glassy state. Particular
attention is given to the effect of solidification conditions and
macromolecular tacticity on the resulting polymer glasses.

Approach

Samples of polystyrene are compression molded from well-characteriz-
ed material. By varying the cooling rate, passage through the glass
transition can be controlled. Structural information on the glasses is
obtained by wide-angle X-ray scattering using monochromatic radiation and
digital counting techniques. The corrected X-ray intensity data is
Fourier transformed to yield a radial distribution function (RDF) which
indicates the spacings between groups on a given macromolecule and the
distances separating neighboring molecules in the glassy state.

Progress

Four distinct X-ray maxima are observed and these have been assigned
to nearest and next-nearest neighbors in the chain, and to combinations
of inter- and intra-chain spacings. Regardless of cooling rate, all
atactic polystyrene samples used in the experiments have identical
densities, scattering patterns, and radial distribution functions. The
quenched isotactic polymer produced samples of greater density but with
the same RDF as that of the atactic material. For comparison to the
quenched glasses, a sample of isotactic polystyrene was annealed to
develop 20 percent crystallinity. The RDF for this semi-crystalline
material shows a sharpening of the diffraction peaks and shifts of the
third and fourth RDF peaks in opposite directions relative to the quenched
polymer. These opposing trends of inter- and intra-chain packing are
being examined by computer modeling to determine whether variations in
macromolecular helicity can account for the observed structural changes.
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SUPRAMOLECULAR STRUCTURE AND MICROPLASTICITY IN POLYTETRAFLUOROETHYLENE

T. Davidson
Assistant Professor, Departwonts of Materials Science and Chemical
Engineering

T. Natarajan
Ph.D. Thesis Research

D. K. Weber
M.S. Thesis Research (Completed)

This research is principally supported by the National Science
Foundation.

Object ive

This research seeks to determine the microstructure of polytetrs-
fluorcvetiylene (PTFE) both "as-polymerized™ and as modified by heat
treatment. The relation between structure and tho micromechanics of
deformation in polymers is being persued using PTFE as a model systen.

Approach

Electron microscopy provides information on the microstructure of
both "as-polymerized" and sintered PTFE through the use of replica
techniques. Specimens are subjected to deformation by rolling and to
tensile testing over a range of conditions from 77°K to ambient temperature.
It was originally hypothesized that deformation in a partially crystalline
polymer such as PTFE would occur by yielding in the non-crystalline
regions combined with plastic defo:mstion of the crystals.

Propress

Our studies on the tensile deformation of PTFE have shown that at
cryogenic temperatures both above and below the "glass II" transition
at 160°K, yielding occurs principally in the non-crystalline regions.
Only when severely deformed by rolling does plastic deformation of the
crystalline phase became an active mode of deformation. These findings
indicate the importance of a two-phase structure for promoting high
strength in polymeric materials at low temperatures.

By means of electron microscopy, a microstructure of fibrils and
large lamellar crystals have been shown to co-exist in as-polymerized
PIFE. This supports the concept fo simultaneous polymerization and crystal-
lization in the synthesis of polytetrafluoroethylene.
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CIRCUIAR DISLOCATION LOOPS AND MOVING DISLOCATLONS IN MULTI-PHASE
MATERIALS

J. Dundurs
Professour, Department of Civil Engineering

N'So lﬂe
Ph.D. Thesis Research

N. J. Salamon
Ph.D. Thesis Research (NDEA Trainece)

Objectivc

The objective is to investigate the behavior of dislocations near
the boundary between two phases with different elastic constants.

Aggroach

The approach is by idecalizing the discrete lattices as elastic
continua.

Progess

Among the various problems under study, significant progress can
be reported on two. First, the elastic fields were obtained for screw
and edge dislocations that move with a constant velocity parallel to the
boundary between the two phases. Presently, the very tedious calculations
required to find the energy are Leing carried out. Second, a key dis-
covery was made which allows one to analyze effectively dislocation loops
and other configurations in the vicinity of the interface between the twn
phases. Thus, it was found that the fields induced by loops in the
inhomogeneous material can be obtained by the straightforward process of
applying certaiin differential operators to the fields caused by the dis-
location loops in a homogeneous material. This result is now being
exploited for circular loops.
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DISIOCATIONS LN LAYERED MATFIRIALS, SURFACE LAYERS AND THIN FILMS

J. hundurs
Professor, Department of Civil Engineering

}'-Sc l""
M.S. Thesis Research (Completed)

Ke C. Tsai
Ph.D. Thesis Research

ob jccti ve

The aim is to derive the displacement field, energy and force for
dislocations in layered materials, surface layers and thin films.

r\gproach

The required elasticity solutions are obtained by use of Fourier
transforms.

Prngess

This study is motivated by the need to know more about the properties
of dislocations in multi-layered materials, such as composites and direc-
tionally solidified alloys, and similarly in surface layers and thin films
because of their use in electron microscopy. The geometry of these
problems dictates the use of Fourier transforms for finding the various
field quantities. This approach yields results expressed in terms of
integrals which can only be evaluated numerically. The solutions for
several problems had been obtained before, and the past year was spent
chiefly to arrive at the numerical evaluation of the quantities that are
of particular interest in applications. Because of the importance of such
results in electron transmission microscopy, particular attention was given
to the displacement field induced by screw and edge dislocations in a thin
layer.
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ELASTIC FIELDS IN COMPOSITL MATERIALS

J. Dundurs _
Professor, Department of Civil Engineering

C. F. Hsieh
Ph.D. Thesis Research (Completed)

Ob]ective

The goal of this research is to study how stresses and related
quantities, such as the interaction energy and furce, acting on a
dislocation in a composite material, depend on the elastic constants
of the various phases.

Aggroach

Assuming elastic behavior, use is made of the field equations
and boundary conditions in elasticity.

Progress
The conditions under which stresses, energy of a dislocation and

the force on a dislocation show a reduced dependence on the elastic
constants of the phases were established and suitable couposite para-
meters introduced earlier. Recently, new composite parameters were
invented. These parameters are preferable because they admit a direct
interpretation in terms of the uniaxial and voluminal compliances of the
two phases. Furthermore, they are convenient for making various results
on composite materials tractable physically, and they have already been
adopted by several other authors in their studies.

PUBLICATIONS
"Dependence on Elastic Constants of Some Residual and Dislocation Stresses
in a Composite," J. Dundurs and C. F. Hsieh, Developments in Theure-
tical and Applied Mechanics, Vol. 4, edited by D. Frederick, Pergamon
ess, ord, pp. 103- (1970).

"Some Properties of Elastic Stresses in a Composite," J. Dundurs, Recent

Advances in Engineering Science, Vol. 5, edited by A. C. Eringen,
Cordon and Breach, New York, pp. 203-216 (1970).
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PLILRLS STRESS AND STABLLLTY OF DISLOCATION ARRAYS

Jo Dundurs
Professor, Department of Civil Engineering

Ne T Adelman
Ph.D. Thesis Research (NSE Trainee)

.\1'50 l“"
Ph.D. Thesis Research

()hjm't ives

The goals of these studies are to improve the expression for the
Peierls stress and to study the stability characteristics of various
dislocation arrays, particularly pile-ups.

\pphuudl

Dislocation theory based on a linearly elastic medium is used.

Prngress

A modified expression for the Peierls stress was obtained by
following a suggestion made by Nabarro and employing a method used by
Huntington in his work on the core of an edge dislocation. The resulting
expression for the Peierls stress yields a much less drastic dependence
of the stress on Poisson's ratfo than the previous results.

When dislocations are driven against an obstacle by applied stresses,
and they pile up, each individual dislocation experiences repulsion from
its neighbors and, consequently, has the tendency to leave or pop out of
the array. Screw dislocations are held in the array only by the Peierls
forces, and the question of whether they will or will not leave the array
is essentially a stability proposition. A pile-up of screw dislocations
was found tuo be unstable if the distance d between the two leading dislo-
cations becomes too small, or

L
d < k (ub/tan @)?

where k is approximately 1/2, . is the shear moculus, b is the Burgers
vector and tan 2 is the initial slope of the Peierls force. Using this
result, one can subsequently investigate the stability of various pile-up
arrays for which the spacing amonyg the dislocations is known from other
work. Thus, for instance, it is possible to derive a simple condition on
the applied stress under which a single-ended pile-up becomes unstable.
Several other types of pile-up arrays also have been investigated. Pre-
sently, the study has turned to the various poss!bilities for blunting of
pile-ups and the relation of pile-up stability to fracture.
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PUBLICATIONS
"Stress Concentrations Due to Edge Dislocation Pile-ups in Two-phasc

Materials,”" J. Dundurs and M-S. lee, Scripta Metall., 4, 313
(1970).
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LIASTIC T'TELDS IN CONTACTING BODIES

Jo Dundurs
Professor, Department ot Civil Engineering

Nu f\o "c -’fl"u”'l.
M.S. Thesis Research

K. Co Tsai
M.S. Thesis Rescarch

This research is primarily supported by the National Science
Foundation.

Ol)jcctive

The objective is to investigate general properties of elastic fields
in contacting bodies and to derive certain specific solutions for purposes
of' iilustration.

:\pprum'h

The treatment is essentially theoretical, but some experiments
involving photoelasticity and interferometry are anticipated.

ProEess

This work is only of peripheral interest in materials science, but
it is reported here because the rather unlikely chain of discoveries
leading to new results in contact problems started with the study of dis-
locations interacting with inhomogeneities. The sequence of observations
from dislocation to contact problems is too long and too technically in-
volved for reporting in brief and, therefore, only the results obtained
will be mentioned. When two bodies are placed in contact, the geometries
of the bodies establish some initial contact. In case the initial contact
is over a surface, the contact may either expand (advance) or shrink
(recede) upon loading. Many examples can be given for contacts that
recede. It was discovered that the elastic fields for receding and
advancing contacts have entirely different properties regarding their
dependence on the level of loading and relation to the elastic constants.
Thus, when the contact recedes, the extent of contact is independent of
the level of loading, and the elastic fields are much less sensitive to
changes in elastic constants than when the contact advances.
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INTERACTION BETWEEN DISLOCATIONS AND INCLUSIONS

Je undurs
Professor, Department of Civil Lngineering

N. T. Adelman
M.S. Thesis Research (Completed) (NSI' Traince)

M. Comninou
M.S. Thesis Research

A. C. Gangadharan
M.S. Thesis Research (Completed)

This research is primarily supported by the National Science
Foundation.

Objective

The general aim of this work is to investigate quantitatively the
elastic interaction between dislocations and various second-phase
inclusions.

Aggroach

Theoretical treatment of the elastic interaction between dislocations
and inclusions requires first the solution of the appropriate elasticity
problem. Once the elastic fields are known, the interaction can be studicd
using either the interaction energy or the force on the dislocation.

Progzess

The elasticity solution for an edge dislocation near a circular in-
clusion with a slipping interface was obtained by A. C. Gangadharan in
1966. At that time, however, the results could not be made physically
meaningful because of the mathematical complexities involved. Using some
later discoveries pertaining to the general dependence of the interaction
energy on the elastic constants, these difficulties have been overcome, and
a complete physical interpretation of the results has been achieved.

To analyze the interaction when a dislocation is in a general position
with respect to an inclusion, one must know how the given inclusion dis-
turbs the rather complicated stress field that the dislocation induces in
the homogeneous material. In contrast, this information is needed only
for a uniform stress field when the dislocation is far away from the in-
clusion, allowing one to study problems for which the general case is out
of reach. The study of the far interaction with elliptical inclusions has
been completed, and the attention has recently been shifted to spherical
inhomogeneities.



PUBLICATIONS

"Edge Dislocation Near an Inclusion with a Slipping Interface," J. Dundurs
and A. C. Gangadharan, J. Mech. Phys. Solids, 17, 459 (1969).

INVITED TALKS

"Elastic Interaction Between Dislocations and Inhomogeneities," University
of Waterloo, Ontario, Canada, July 1970.
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MAGNETIC INTERACTIONS IN SIMPLE MODEL SYSTEMS

D. E. Ellis
Assistant Professor, Department of Physics

F. L. M. A. ll. demat
Postdoctoral Research Associate

H. P. Davis
Ph.D. Thesis Research

Objective

Simple models for magnetic interactions have played a very
useful role in parametrizing expcrimental data; however, relating
the model parameters to the more fundamental charge and spin densities
of even very simple systems has proved to be difficult. These diffi-
culties continue to grow, rather than diminish, as the magnetic
resonance, neutron scattering, optical measurements, etc., improve in
quality and quantity, since simple specialized models cannot describe
both the structure and breadth of the available data. Our objective
here is to study very simple model systems by all means available in
vrder to intercompare the predictions of more or less rigorous calcula-
tions with those of simplified models, and thus to extend their use-
fulness.

Approach

The ring of N equally spaced hydrogen atoms has been used in
a number of previous studies as a vehicle for studying magnetic inter-
actions in periodic systems. One has available the molecular orbital
or energy band approaches to the electronic structure, the Heisenbery
and spin wave models for spin structure, the Anderson model hamiltonian
approach, etc. Our method is to determine the full multiplet structure
of the ring ( for N < 20) in a limited energy interval by a variational
calculation, and to study how the Heisenberg and spin wave models
can best be adapted to fit the true collective excitations of the system.

Progress

The non-orthogonal gaussian orbital program of Professor A.
Frost was adapted for computing states of the H, ring of hydrogen atoms.
Both single determinant and configuration intetgction calculations
(fully optimized) were performed to obtain the spectrum and wave
functions for states ranging between the ferromagnetic and antifer-
romagnetic limits. As a result of the simple form of the model wave
function analytic expressions for magnetic splittings are obtained;
the results have been interpreted in temms of the influence of second,
third, and more distant neighbor interactions. The limits of accuracy
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of the Heisenberg model in describing the magnetic spectra were
analyzed by a least squares fitting procedure; the effect of truncating
the model to nearest neighbors only is investigated. Analytic expres-
sions are given for eigenvalues of the complete Heisenberg Hamiltonian,
including all coupling parameters, for the ring of six atoms. The
variation of effective exchange parameters with bond length is dis-
played in a paper submitted for publication.
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LLECTRONIC STRUCTURE OF TONIC AND COVALENT MATERIALS

b. L. Lllis
Assistant Professor, Department of Physics

G. S. Painter
Oak Ridge National Laboratory

This research is primarily supported by the Air Force Office of
Scientific Research and the Atomic Energy Commission.

Objective

There has been considerable interest in the magnetic and optical
properties of transition metal and rare earth compounds. These proper-
ties have been largely characterized in the past from an atomic or
molecular (ligand field) point of view; our objective is to develop
methods adequate to a reasonable description of the crystal. Methods
for generating crystal potentials and obtaining the energy band
structure of metals are fairly well developed; however, this is far
from the case in ionic and covalent materials. The strongly aspherical
crystal coulomb potential makes the usual "muffin-tin" approximation
practically useless, and the problem of finding a suitable “effective
exchange" potential is unsolved-certainly the free electron approxi-
mation used successfully in metals must be modified. Beyond this is
the most important question of whether one electron orbitals for these
materials are best represented as Bloch waves, localized states, or
a mixture of both.

Approach

Work on the localized or molecular cluster approach to these
problems is described elsewhere in this Report; here we concentrate
on the energy band aspect. Since we must treat rather complicated
aspherical potentials, we are developing a variational-numerical
method of a very general form which is being optimized in the course
of application to specific materials. The approach can be extended to
self-consistent calculations with a given local or two-body potential;
the chief problem being the determination of compact and accurate
representations of the charge density. The solution of this problem
also greatly simplifies the calculation of optical absorption and
x-ray scattering amplitudes.

Progress

The band structure and wave functions for lithium metal, diamond,
and graphite have been obtained (nonself-consistently) and the results
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conpared with experiment and previous calculations; further work on
these materials is aimed toward better understanding of optical
properties and x-ray scattering data. Preliminary fits to the charge
density have been obtained to carry forward these calculations, and to
permit steps toward self-consistency. Results obtained for SiC and TiC
are being analyzed to determine the relative importance of d-bands

in the carbides, and to study their sensitivity to changes in the
exchange potential. The variational-numerical method is used in this
work has proved to be accurate and reliable; some experiments are

in progress to determine the optimum procedure for augmenting the
tight-binding basis, in studying the higher "excited bands.™ Band
structures of the optically interesting LiF and Mg0 have been explored,
and a detailed interpretation of their absorption spectra will be
forthcoming.

PUBLICATIONS

"A Direct Numerical Method for the Energy Band Problem: Preliminary
Results for Li," G. S. Painter and D. E. ¥1llis, Int. J. Quantum
Chem., 35, 801 (1970).

"Electronic Band Structure and Optical Properties of Graphite from a
Variational Approach," G. S. Painter and D. E. Ellis, Phys. Rev.,
B1, 4747 (1970).

INVITED TALK

"Discrete Variational Method For the Energy Band Problem," IBM
Conference on Band Theory, Yorktown Heights, N. Y., August 1970.
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IMPEDANCE CHARACTERIZATION OF TRANSDUCERS

M. Epstein
Associate Professor, Departinent of Electrical Engineering

A. Nalamwar
M.S. Thesis Research

0b Jective

Development of improved techniques in the characterization of
electro-acoustic transducers.

Aggroach

An analytical technique is used to determine the impedance of an
elastic surface-wave transducer from insertion loss measurements. It
is based on Guillemin's Real Part Sufficiency and the properties of

Hilbert transforms.

Progzess

Comparison of analytical results using digital computation with
experimental results shows that the susceptance or reactance of a
transducer can be evaluated with far greater accuracy than is possible
with most refined experimental techniques. Since the static capacitance
of a transducer can be measured quite accurately at low frequencies, it
appears that the present method can become significant in defining
accurately the equivalent circuit of the transducer.
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THIN-FIIM SURFACE-WAVE TRANSDUCERS

M. Epstein
Associate Professor, Department of Electrical Engineering

r-C. Luo
Ph.D. Thesis Research (Institute Research Fellow)

Objective

The objective of this research is to study the possible application
of the strain-sensitivity of thin-film field-effect transistors for
surface-wave transducers with particular emphasis on nonlinear character-
fstics and their utilization in signal detection.

ﬁggroach

Thin-film field-effect transistors, using cadmium sulphide and
cadmium selenide, were fabricated on glass substrates. The acoustic
surface waves were generated by using the techniques of mechanically
variable delay lines (as described in the report on Wideband Transduction
Techniques for Acoustic Surface-Wave Devices??

Progress

Although thin-film transistors with high transconductance were
obtained (gm ~ 10,000 micromhos), it appears that the functions of surface-
wave transconduction and field-effect amplification are incompatible; i.e.,
the characteristics of the material (high piezoelectric coupling and field
effect) cannot be attained simultaneously. Hence, this work has been
discontinued and, instead, another research program was initiated to
develop a surface-wave phonon amplifier using vacuum-deposited and re-
crystallized films of indium antimonide.
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LLECTRON-BFAM SENSING OF ACOUSTIC SURFACE WAVLS

M. Epstein
Associate Professor, Department of Llectrical Engineering

S. Ca J”Shi
IIT Rescarch Institute

R. J. Serafin
IIT Researceh Institute

A. P, van den lHeuvel
1IT Research Institute

N. Zueffle
Ph.D. Thesis Research (Institute Research Fellow)

This research is supported by the Office of Naval Research.

Objcctlvc

The objective of this research is the study of secondary electron
emission from surfaces of’ strained piezo-electric crystals for
applications in the detection of elastic surface waves.

Apnrunch

To utilize the modulation of secondary electron current by the strain-
produced potential on the surface of a piezo-electric crystal.

Progzess

Apparatus commonly used in electronic image storage was designed and
constructed. Experiments with a surface-wave device designed for a 6 Mliz
pulsed carrier frequency show that the secondary electron current is
modulated by the signal envelope of the elastic surface wave. The
apparent rectification of the rf pulse has not as yet been satisfactorily
explained.

PUBLICATIONS

"Clectron Beam Sensing of Surface Llastic Waves," M. Ipstein, S. G. Joshi,
R. J. Serafin and A. P. van den Heuvel, Proc. ILLL, 58, 253 (1970).
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WIDEBAND TRANSDUCTION TECHNIQUES FOR ACOUSTIC SURFACE-WAVE DEVICES

M. Epstein
Associate Professor, Department of Slectrical Engineering

Mo C. Mutamt.‘(“.
Ph.D. Thesis Research

This research is supported by the National Science Foundation.

Objecttve

Study electro-acoustic transduction on piezoelectric crystals
leading to elastic surface-wave devices which are capable of processing
wideband (large information) signals.

Aggroach

Elastic surface-wave transducers were fabricated utilizing photo-
lithographic techniques. Structures consisting of log-periodic arrays
of interdigitated electrodes were fabricated directly on substrates of
LiNbO,; and glass; those with glass substrates were employed in the
investigation of mechanically variable delay lines.

ProEess

Fourier analysis of an approximate electric field distribution at
the interdigital transducer was found to provide a useful method in the
synthesis of filter functions of elastic surface-wave devices. The
analytical model showed remarkably good agreement with experimental
results. The performance of the log-periodic interdigital transducer as
to its frequency response and impedance was shown to be considerably better
when compared with conventional resonant (uniform) interdigital transducers.
Wideband and resonant interdigital transducers fabricated on glass sub-
strates were used to propagate elastic surface waves on LiNbOj crystals.
It was shown that such a technique can lead to the design of mechanically
variable delay lines with additional insertion loss not exceeding 14db per
transducer.

A technique to measure insertion loss (radiation resistance) of
transducers was devised which eliminates the effects of the measuring
apparatus.
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SHUBNIKOV=DE HAAS EFFECT IN N-DOPED GRAY TIN

As We Nwald
Irofessor, Department of Physics

M. J. Horowitz
Ph.D. Thesis Research

Objectivc

To use the unusually large amplitude magnetoresistance oscillations
in gray tin to study the energy dependence of the effective mass, the
electron screening of ionized impurities and the spin splitting of Landau
levels.

Aggroach

The temperature, magnetic field and orientation dependences of the
ampli tude are measured in samples ranging in donor concentration from 10!
to 10*® donor atoms per cm’. Analysis yields the Dingle temperature
(which measures the effect of ionized impurity scattering on the amplitude),
and the energy dependence of the light electron effective mass. Spin
splitting of magnetoresistance peaks in samples having a sufficiently low
Dingle temperature is used to evaluate the effective g factor and its
anisotropy.

Proggess

Improvemerts have been made in the signal detection equipment and
in sample selec ion and handling techniques. The circuit noise level has
becen greatly reduced, optimum etching conditions have been determined,
and re-etching of samples down to ~0.1 mm diameter has been accomplished
through probe re-design and improvement in sample mounting techmiques.
Magnetoresistance oscillations huve been observed in samples heavily doped
with arsenic. The oscillations exhibit spin splitting and other behavior
similar to that of the previously investigated Sb-doped samples.

PUBLICATIONS

"Spin Splitting of Landau Levels and the Effective g Factor in Gray Tin,"
B. L. Booth and A. W. Fwald, Phys. Rev., 186, 770 (1969).
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INTERBAND MAGNETOREFLECTION OF GRAY TIN

A, W. Ewald
Professor, Department of Physics

S. H. Groves
Lincoln lLaboratory, MIT

C. R. Pidgeon
National Magnet Laboratory

R. J. Wagner
Naval Research Laboratory

This experiment was done at the Francis Bitter National Magnet
Laboratory with support from the Department of the Air Force, the U. S.
Air Force Office of Scientific Research, the National Science Foundation
and the Advanced Research Projects Agency.

Objective

To observe the optically induced transitions between Landau levels
in an elemental solid having the inverted (gray tin) band structure and
to make a detailed comparison of the data with theory and evaluate
important band structure parameters.

Qggroach

Magnetoreflection traces were made by sweeping the magnetic field
(to a maximum of 100 kOe) at fixed photon energies. The latter ranged
from 0.05 to 0.55 eV and sample temperatures ranged from 1.5 to 85°K.

Progess

Two sets of interband transitions were observed. One set consists
of transitions from the M's* valence-band Landau levels to the Te* conduction-
band levels. The second set consists of transitions from a lower valence
band, T, to the le* conduction band. The le* - 'y~ separation was found
to be 0.413 eV, and independent of temperature over the measurement range.
The directly determined band-edge masses are 0.028 m_ for the Ie* conduction
band, 0.195_ m_for the I's* valence band, and 0.058 me for the Iy~ valence
band. The k ¢ p interaction parameter E_ and the valence-band spin-orbit

splitting were found to be 24.0 eV and of 80 eV, respectively.

PUBLICATIONS

"Interband Magnetoreflection of a~Sn," S. H. Groves, C. R. Pidgeon, A. W.

Ewald and R. J. Wagner, Proceedings of the Ninth International
Conference on the Physics of Semiconductors, Nauka Publishing House,
Leningrad, p. 43 (1968).
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"Interband Magnetoreflection of a=Sn," S. H. Groves, C. R. Pidgeon, A. W.
Ewald and R. J. Wagner, J. Phys. Chem. Solids, 31, 2031 (1970).
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PIEZORESISTANCE AND PIEZO-HALL EFFECTS IN GRAY TIN

A. W. Ewald
Professor, Department of Physics

H. Busta
Ph.D. Thesis Research (ARPA Support)

P. o
M.S. Thesis Research

This research is | imarily supported by the National Science
Foundation.

Objective

To separate the degenerate conduction and valence bands in gray tin
through the application of uniaxial compressive stress and thereby
produce and study typical semiconductor behavior at unusually low
temperatures. Application of tensile stress should cause overlap of the
same bands, and a second objectiIve 1s the investigation of the resulting
semimetal or semiconductor behavior.’

Aggroach

Oriented single crystals are subjected to uniaxial compression or
tension. Conductivity and Hall coefficient are measured in the temperature
range from 1.3 to 100°K.

Progzess

A paper based on B. J. Roman's compressive stress measurements and
analysis has been prepared. The principal results are the following.
Measurements were made on high purity (N.~5x10** cn"®) and lightly-doped
§2x10‘ssNDs2x101’cnr°) n-type gray tin sibjected to oriented stresses

in [001] and [111] directions) up to 3x10° dynes/cm®. Density-of-states
expressions were developed to account for the severe band anisotropies
imposed by the strain, and these were employed to determine the band
splitting at k = O from the Hall coefficient of the high purity sam‘es
above 15°K. Shear deformation potentials of b = -2.3 £ 0.5 eV and
d >~ -4.1 eV were obtained by this grocedure. The Hall coefficient of
three high purity samples below 10°K was analyzed to find the stress-
dependent ionization energy and an independent determination of b = -2.0 eV
was obtained. The stress dependence of the impurity band mobility was found
to be consistent with Sladek's model for exchange jumping between adjacent
impurity sites. The piezoresistance of lightly doped samples was attrib-
uted to the increased effectiveness of ionized impurity scattering caused
by a stress-—-enhancement of the conduction band density-of-states mass.
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Mr. Busta has undertaken the extension of the measurements to higher
magnetic fields, higher purity samples and to tensile (as well as
compressive) stress. Imring the past year he has learned the techniques,
developed by Mr. Roman, for sample preparation and for the measwrements.
Mr. llo has been engaged in material pwrification and characterization,
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MECHANICAL BEHAVIOR OF Mg BASE-Li ALLOY SINGLE CRYSTALS

M. L. Fine
Professor, Department of Materials Science

A. Urakami
Ph.D. Thesis Research (Completed)

Ob]ectiv:)

On adding Li to Mg which is hexagonal, alloy hardening occurs
for basal slip, alloy softening occurs for prismatic slip. The objective
was tu obtain experimental information which would lead to an under-
standing of this difference in behavior between the two slip systems.

Approach

The yield and flow characteristics in tension of basal and prismatic
slip in Mg and Mg-Li alloys to 15.7 at.X Li were measured from 4.2
to 450°K versus the strain rate. Solute-dislocation intersctions
were investigated by strain aging. The dislocation structures after
deformation were observed by transmission electron microscopy. Yield
drop effects were observed and studied.

Progress

This research has been campleted. The experimental details
were reported last year. The interpretation will now be reported.
The alloy hardening and the strain aging yield drop which occur for basal
slip in Mg base-Li alloys were attributed to a sise effect interaction
between Li atoms and dislocation. The prissatic slip alloy softening
in this system was attributed to an interplay of the effect of Li
on the dislocation width and in catalyzing double kink formation, the
mechanism by which the dislocations surmount the Peierls barrier. In
Mg the dislocations are thought to ‘nitially lie on the basal plane and
the dislocation cores are thought tc be split. In order for screw dis-
locations to slip onto the prism plane a constriction needs to form.
Addition of Li is thought to reduce the core splitting, thus it becomes
easier for the dislocations to slip onto the prism plane. Once disloca-
tions have been formed on the prism plane then their flow stress is
thought to be determined by the stress necessary to overcame the Peierls
barrier. This occurs by nucleation of double kinks. A calculation
was made showing that a size effect interaction between screw dislocations
and misfitting solute atoms catalyzes double kink formation thereby
reducing the flow stress. Confimming evidence for the effect of Li on
the dislocation width comes from the effect of Li on the screw disloca-
tion configuration. They are straight in Mg and low Mg alloys. They are
helical in the high Mg alloys.
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PUBLICATIONS

"Electron Microscopic Investigation of Prismatic Slip in Mg-10.5 at.%
Li Single Crystals,"” A. Urakami and M. E. Fine, Acta Met., 18,
87 (1970).

"Influence of Misfit Centers on Formation of Helical Dislocations,"
A. Urakami and M. E. Fine, Scripta Met., 4, 667 (1970).

"Effect of Li on Mechanical Properties of Mg Base Single Crystals in
Basal and Prismatic Slip," 2nd Intermational Conference on
The Strength of Metals and Alloys, Conference Preprints, p. 87,
ASM spongored, with A. Urakami and M. Meshii, August-September 1970.

INVITED TAIK
"Effect of Li on Mechanical Properties of Mg Base Single Crystals in
Basal and Prismatic Slip," 2nd International Conference on The

Strength of Metals and Alloys, Asilomar Confe.ence Grounds, Pacific
Grove, California, August-September 1970.
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MECHANICAL BEHAVIOR OF Ti-BASE Al ALLOYS

M. E. Fine
Professor, Department of Materials Science

T. Sakai
Ph.D. Thesis Research

Oojective

The objective is to detemine the effect of Al on the mechanical
flow properties of Ti in prismatic and basal slip and to develop an
understanding of the mechanisms of plastic deformation and mechanical
strengthening which are operative.

roach

The mechanical flow characteristics in compression and tension in
Ti-Al alloys up to 10 at.X Li will be measured as functions of temperature,
strain rate, and crystallographic orientation. Transmission electron
microscopy will be used to study the dislocations.

Progress

Results in polycrystalline samples of Battelle Ti, Ti-3.9 at.X Al
and Ti-7.4 at.X Al show that the yield stress incresses with concentra-
tion of Al in agreement with previously published results. The yileld
stress in compression was 10 to 30X higher than the yield stress in
tension except in the alloys at 77°K. The strein rate semeitivity
(dr/d 1n ¥, where v is the flow stress and % is the strain rete) in
tension is much higher than that in cospression and there is a consider-
able difference in the tempersture dependence. In the Ti-7.4 at.X
Al the tension dr/d in Y increases on cooling to 77°K while it decreases
on compression.
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ALLOYING EFFECTS IN STEELS

M. E. Fine
Professor, Department of Materials Science

S. C. Kolesar
Ph.D. Thesis Research (Inland Steel and ARPA Supported)

D. Leemans
Ph.D. Thesis Research (Inland Steel Supported)

This research is jointly supported by Inland Steel Corporation
and the Advanced Research Projects Agency.

Objective

Alloy softening in Fe has been widely observed at low temperatures.
A general study of this important phenamenon from an experimental and
theoretical point of view has been undertaken.

In ferritic Fe-base Ni-Al alloys, dilute in Ni and Al, an (Fe,Ni)Al
precipitate phase having the CsCl structure may be formed. An investi-
gation of the precipitate morphology, the precipitation processes and
kinetics in this system is in progress.

Approach

Precipitation processes and kinetics are being detemmined by
dynamic modulus and microchardness techniques. These are being related to
precipitate structures and morphology by transmission electron micros-
copy and electron diffraction.

In the studies of the alloy softening effect in Fe, the approach
is to measure the effect of strain rate and temperature in Fe-Mo, Fe-Ti,
and Fe-Re alloys, in the solid solution range. Since a small amount
of Ti scavenges interstitial atoms, measuring these properties versus Ti
concentration should separate scavenging effects from intrinsic effects
on the flow properties. Theoretical calculations will be made on the
effect of alloying on dislocation motion.

Pﬂreu

(1) Precipitation in Ferritic Fe-base Ni-Al Alloys
Microhardness and resonant frequency data indicate a multi-stage

precipitation process. Alloys quenched from 1000°C to -35°C and sub-
sequently aged at 450 to 590 C show a small, rapid increase in micro-
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hardness, which quickly levels off (Stage I). This is followed by a
continually increasing hardness with aging time to a greater than

100% increase in hardness (Stages II, III). The onset of Stage II

occurs at earlier times for higher aging temperatures and in alloys

of higher Al concentration. Resonant frequency data indicate a third
stage at long aging times. The frequency increases after having leveled-
off at the end of Stage II. Transmission electron microscopy and electron
diffraction show a change in morphology of the general matrix precipi-
tate from "fiber-like" in Stage II to small, distinct particles in

Stage IIl. An orientation relationship between precipitate and matrix
exists (100)||(110), but the exact morphology of the precipitate is as
yet not clear.

(2) Iron-base Solid Solutions

The mechanical properties of polycrystalline Fe-Mo alloys up to
2 at.% Mo were investigated. The heat treatments consisted of wet
hydrogen or vacuum anneals. No straight forward relation between
strength and composition was found at any temperature in that increases
and decreases over specific composition ranges occurred. This varied
in a complex way with temperature. The strain-rate sensitivity of the
flow stress (dr/d 1n %) versus temperature curves, however, all have
the same form, exhibiting a maximum strain-rate sensitivity near 140 to
200°K. The temperature of the maximum decreases with increasing alloy-
ing content so that in the range from 150 to 300°K the flow stress
becomes less sensitive to strain as the Mo content is increased. The
influence of the wet H, treatments, which was designed to remove inter-
stitial elements, decreases with increase in Mo content. Measured
activation volumes seem to be consistent with an internal lattice
friction mechanism as rate controlling process up to 200°K. Strain
aging data seem to indicate a small interaction between molybdenum and
interstitials. Foreman and Makin treated the breakaway of dislocations
from a field of random pinning points using the concept of a breakaway
angle. Computer calculations seem to rule out this concept for materials
where the Peierls stress is controlling because the breakaway angle
computes to a large value (~%) indicating rather straight dislocations
close to the pinmning points.

PUBLICATION

"Temperature Dependence of Yield Stress in Fe-1.67 at.pct. Cu and
Trans., 1, 1495 (1970).
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ALLOYING AND THERMAL TREATMENT OF CERAMICS

M. E. Fine
Professor, Department of Materials Science

J. B. Cohen
Professor, Department of Materials Science

D. L. Johnson
Associate Professor, Department of Materials Science

J. R. Costa-Guimardes
Postdoctoral Research Assistant

A. Krawitz (with Professor J. B. Cohen)
Ph.D. Thesis Research (NDEA and AFOSR Supported)

E. W. Kruse (with Professor M. E. Fine)
Ph.D. Thesis Research (Completed)

M. I. Mendelson (with Professor M. E. Fine)
Ph.D. Thesis Research (Cabell Fellow and AFOSR Supported)

M. Takahashi (with Professor M. F. Fine)
Ph.D. Thesis Research

A. Virkar (with Professor D. L. Johnson)
Ph.D. Thesis Research

This research is supported by the Air Force Office of Scientific
Research.

Objective

This research is a study of precipitation and clustering and
ordering in ceramics. The properties and structures of the parent
and product phases and phases which show clustering or ordering are
being studied. Particular attention is lieing given to the effects
of precipitates and clustering on the mechanical and magnetic properties
of ceramics.

The objectives include a determmination of the effects of dis-
persed metallic phases of various morphologies and interparticle
spacing on the fracture toughness of cerumics, ordering and cluster-
ing of the atoms in ceramic solid solutiims, magnetic anisotropy
properties of ceramics with precipitated ferrimagnetic phases, the limits
of superparamagnetic behavior with precipitates of low anisotropy, and
enhancement of the strength and/or toughness properties of ceramics
by alloying and precipitation heat treatuent.
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Systems currently being studied are Fe-0, Mg-Fe-0, Zr-0, Co-Fe-0,
A1-Ti-0, Mg-A1-0.

Approach

The approach is to obtain desired and interesting structures in
ceramics by alloying and thermal treatment. The structures are studied
by x-ray and electron diffraction, including diffuse scattering, and
by electron and light microscopy. Considerable information about
structure is also obtained from magnetic property analysis which in-
cludes measurements down to 2°K. The structures are related to other
properties such as fracture, yield stress, coercive force and suscepti-
bility in magnetic ceramics.

Fracture studies are being conducted using the double cantilever
technique as well as 4 point bending of beams to determine fracture
surface energy and fracture stress.

Progresa

(1) Effects of MgFe,Q, Precipitates on the Mechanical Properties
of (Mg,Fe)0 with 0 to 0.5 cat.% Fe

This research has been completed. It was reported on in last
year's report. An additional result is that at small particle sizes,
part of the hardening is due to the attendent increase in particle
surface area when they are cut by dislocations.

(2) Phase Decomposition in Co-Fe-O Alloys

Studies of phase decomposition within the miscibility gap in
the CoaQ, -CoFe, 0, system are underway. Occurrence of spinodal decompo-
sition, suggested in last year's report, as well as nucleation and
growth have been observed. The latter occurs on aging a CO, gFe; Qs
sample at 700°C while the former occurs on aging at 500°C. Very high
intrinsic coercive forces have been observed in fully aged samples,
7500 Oe at room temperature and 22,000 Oe at 77°K (in CO, esFe, 080 ).
The best (BH) max observed to date is 1.2 x 10® (in CO,_.;FGI.SQS. This
magnetic behavior is attributable to single domain particles of high
anisotropy resulting from spinodal decomposition.

(3) Fracture of Iron-Iron Oxide Composites Produced by the
Decomposition of Wistite

Wistite hot pressed to 99.8% 